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ABSTRACT 
 
This paper applies a methodology for investigating the performance of irrigation 
networks under climate change to the Fuente Palmera irrigation district, in Cordoba, 
southern Spain, which supplies water on-demand for drip irrigation. Climate 
variables are predicted for 2050 and 2080 under two emission scenarios and 
European agricultural policy scenarios are used to predict future cropping patterns. 
Irrigation water requirements are then estimated for various combinations of these 
climate and cropping pattern scenarios, and the equity and adequacy of pressure at 
the outlets are estimated using EPANET, as performance indicators for the irrigation 
network.  
 
The results show that because of the projected change in climatic conditions in the 
Cordoba region, the irrigation requirements will be higher in 2050 and 2080, leading 
to increased maximum flow requirements at the pumping station and at the outlet. As 
a result, many networks in the region will be overloaded and improvements in the 
infrastructure will be required to cope with this higher demand. This general 
conclusion is valid for various climatic scenarios and projected cropping patterns and 
the selected emissions scenario has little impact either in terms of water requirements 
or network performance.  
 
In the case of Fuente Palmera irrigation district which is examined in the paper, both 
water consumption and energy consumption would increase. However this system 
would still work properly in these conditions because it was designed for sprinkler 
irrigation so the pumping capacity is very high.  
 
Changes in cropping pattern were found to have a high impact on network 
performance, even higher than the impact of climate change. Therefore, the predicted 
increase in network requirements due to climate change can be reduced by using an 
appropriate cropping pattern, adjusting crop water requirements during the year and 
avoiding the concentration of the water demand in a peak period. Appropriate 
selection of crops and the adaptation of varieties to new climate conditions could be 
the key factors to prevent overload of network capacity.  
 
INTRODUCTION 
 
The impact of climate change on agriculture and crop production will depend on both 
the climatic changes that take place, and how society adapts to those changes. These 
can be analysed through the use of scenarios.  
 
This scenario approach has been applied to consider the impact of climate change 
and cropping pattern change on Fuente Palmera, an irrigation district located in 
Cordoba (southern Spain) in the Guadalquivir river basin. Fuente Palmera irrigation 
district has an area of 5611 ha growing a wide range of crops (mainly citruses, 
cereals and olive trees). The district has an on-demand irrigation system through a 
pressurized pipe network which was recently upgraded, improving the distribution 
system and changing the main irrigation method from sprinkler to drip irrigation. The 
system is supplied from the Guadalquivir river by a pumping station with a 
maximum flow capacity of 6 m3/s. The main network is formed by 37,992 m of pipes 
and is able to supply 1.2 l/s/ha on demand in each one of the 85 outlets. The design 
outlet pressure is 30 m. 
 
CLIMATE CHANGE PROJECTIONS  
 
Detailed studies of climate change by IPCC have included presentation of a set of 
emissions scenarios known as SRES which describe different future pathways for 
global development. Four SRES scenarios can be defined according to whether the 
world follows a more economic (A) or a more environmental (B) orientation and a 
more global (1) or a more regional (2) orientation. These are termed A1, A2, B1, and 
B2 (Nakicenovic et al. 2000): 
 
A1: a future world of very rapid economic growth, global population that peaks in 
mid-century and declines thereafter, and rapid introduction of new and more 
efficient technologies.  
A2: a very heterogeneous world with continuously increasing global population 
and regionally oriented economic growth that is more fragmented and slower than 
in other storylines.  
B1: a convergent world with the same global population as in the A1 storyline but 
with rapid changes in economic structures toward a service and information 
economy, with reductions in material intensity, and the introduction of clean and 
resource-efficient technologies.  
B2: a world in which the emphasis is on local solutions to economic, social, and 
environmental sustainability, with continuously increasing population (lower than 
A2) and intermediate economic development. 
 
This study considers the A2 and B2 scenarios, to encompass a range of likely climate 
change outcomes. 
 
Pérez Urrestarazu et al. (forthcoming) determined rainfall and reference 
evapotranspiration (ET0) projections for Fuente Palmera irrigation district zone under 
the A2 and B2 scenarios for 2050 and 2080, as shown in Figure 1. 
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Figure 1. Values of rainfall and ET0 for all the scenarios (Pérez Urrestarazu et al., 
forthcoming) 
CROPPING PATTERN CHANGE 
 
Adaptation to climate change is considered in this paper in terms of changes in 
cropping pattern. These are predicted in the context of the following future 
agricultural and water scenarios for the EU, which were developed in the WADI 
project for changes in irrigation in the European partner countries related to EU 
agricultural and water policy (Bazzani et al. 2005, Morris and Vasileiou 2003):  
 
1. World Markets (WM) are characterised by an emphasis on private 
consumption and a highly developed and integrated world trading system. 
2. Global Sustainability (GS) is characterised by more pronounced social and 
ecological values, which are evident in global institutions and trading 
systems. There is collective action to address social and environmental issues. 
Growth is slower but more equitably distributed compared to the World 
Markets scenario. 
3. Provincial Enterprise (PE) is characterised by emphasis on private 
consumption but with decisions made at national and regional level to reflect 
local priorities and interests. Although market values dominate, this is within 
national/regional boundaries. 
4. Local Stewardship (LS) is characterised by strong local or regional 
governments which emphasise social values, encouraging self-reliance, self 
sufficiency and conservation of natural resources and the environment. 
 
Audsley et al. (2006) showed that these agricultural scenarios can be linked with the 
SRES framework in an internally consistent way, as A1+WM, A2+PE, B1+GS and 
B2+LS scenarios. In this study we consider the A2 and B2 emissions scenarios for 
climate change, and therefore we consider the A2+PE and B2+LS scenarios for 
cropping pattern change. 
 
Using the trends of crop areas from 1996 to 2007 in the Fuente Palmera irrigation 
district and the available studies on crop predictions (FAO 2003; Berbel et al. 2005; 
Gill et al. 2006), cropping patterns have been produced for baseline, A2+PE and 
B2+LS scenarios, as shown in Table 1.   
 
Table 1. Percentages of area for each crop in Baseline, A2+PE and B2+LS 
scenarios 
Crop Baseline A2 + PE scenario
B2 + LS 
scenario
Wheat 20 13 9 
Cotton 19 2 8 
Olive trees 17 27 19 
Sunflower 16 0 7 
Maize 12 5 3 
Citruses 11 29 33 
Vegetables 3 7 8 
Fruit trees 2 17 13 
 
IMPACT OF CLIMATE CHANGE ON IRRIGATION DEMAND 
 
In order to calculate requirements in CROPWAT, nine situations have been taken 
into account: 
1. Baseline: no climate change (No CC) and no cropping pattern change (No 
CPC) 
2. No CC with cropping pattern changed - using A2+PE scenario for cropping 
pattern  
3. No CC with cropping pattern changed - using A2+PE scenario for cropping 
pattern  
4. Climate change with cropping pattern change in 2050 - A2+PE scenario 
5. Climate change with cropping pattern change in 2050 – B2+LS scenario 
6. Climate change with no cropping pattern change (No CPC) in 2050 (the same 
cropping pattern as for the baseline).  
7. Climate change with cropping pattern change in 2080 - A2+PE scenario 
8. Climate change with cropping pattern change in 2080 – B2+LS scenario 
9. Climate change with no cropping pattern change (No CPC) in 2080 (the same 
cropping pattern as for the baseline).  
 
The CROPWAT model (Clarke et al. 1998) was applied to these nine situations, to 
obtain crop water requirements, irrigation requirements and maximum flow required 
using the rainfall, ET0 and cropping patterns estimated for each scenario.  
 
Table 2 shows the annual values for crop water requirements (CWR), irrigation 
requirements (IR) and maximum flow of water supply (FWS) for the mentioned 
situations (note that baseline is represented as no CC and no CPC).  
Network Performance Indicators 
 
To meet farmer’s demands, the main constraint is that the required flows should be 
supplied to water users with adequate pressure (Farmani et al. 2007). Therefore any 
changes in these required flows due to climate change could affect the whole 
performance of the network. Cropping patterns are highly influenced by the ability of 
the system to avoid uncontrolled situations of water stress, especially for high value 
crops (Clemmens and Molden 2007), so flexibility of service in the network is 
needed to cope with the changes in farmers’ requirements.  
 
In on-demand systems, every farmer has water available whenever they want so the 
limitations on irrigation depend on the given flow and pressure in the outlets. If the 
system is overloaded, farmers may be obliged to cut off the supply and postpone 
irrigation (Rodríguez Díaz et al. 2007), but a higher distribution capacity increases 
costs, so it is important to have accurate estimates of future demand for planning. 
 
Two performance indicators are used to study the future behaviour of the network.   
 
1. Pressure equity (PEq) 
This indicator represents how pressure is distributed between outlets in the network 
using the Interquartile ratio (Abernethy 1986; Bos et al. 1994; Gorantiwar and Smout 
2005): 
bq
pq
P
P
PEq =       
where pqP  is the average pressure in the poorest quarter and bqP  is the average 
pressure in the best quarter, taking into account all the network’s checkpoints. 
 
2. Simulated/assigned pressure ratio (Ps/a) (Pérez Urrestarazu et al. 2009) 
This indicator compares the pressure obtained in the simulations with the one 
assigned in the outlets (Pérez Urrestarazu 2007): 
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where Ps is the simulated pressure measured in the checkpoint and Pa is the design 
pressure in the i checkpoint. When Ps/a < 1, it means that this outlet will be working 
below the required pressure. 
 
In addition, the values of maximum pumped flow and power requirements are 
determined.  
NETWORK PERFORMANCE RESULTS AND DISCUSSION 
 
A model of the irrigation system was created with EPANET. The nine situations 
mentioned above were simulated for a peak demand reference day by using the FWS 
parameter from CROPWAT and the area supplied to estimate the maximum flow 
required in the outlets. The demand pattern was also modelled and the network 
simulation was run for each hour of this twenty-four hour period. Data on flows, 
pressures and power requirements were obtained, and the average values of the 
indicators and variables for the reference day are shown in Table 3.  
 
The change in pressures is in a range of 2m higher or lower than baseline which 
means that pressure will not be much affected in the future in A2+PE and B2+LS 
scenarios. In the case of no cropping pattern change (no CPC) however the pressure 
could decrease by 5m which could affect the most unfavourable outlets. The values 
of the PEq and Ps/a indicators are very similar to baseline by the 2050s and will be a 
little lower by the 2080s when the number of outlets with Ps/a < 1 will increase by 
30 to 53% over the baseline. That means that in B2+LS 2080, seven more outlets 
will work below the design pressure. Again, with no cropping pattern change, PEq 
decreases by 11 and 19% by the 2050s and 2080s respectively and the number of 
outlets with Ps/a < 1 is significantly higher.  
 
With no climate change (no CC) A2+PE and B2+LS would need less pumping 
capacity due to lower maximum pumped flow required which is consistent with the 
lower flow requirements discussed above. In the 2050s the required pumping 
capacity is slightly higher, especially for B2+LS scenario (nearly 5% over baseline) 
and by the 2080s it increases by 13% in A2+PE and by 18% in B2+LS. Power 
requirements will be similar by the 2050s but will be increased around 13% in the 
2080s. With no cropping pattern change, the maximum flow required would be 34% 
higher than baseline by the 2050s and 46% by the 2080s and power requirements 
would be increased by up to 38% by the 2080s. Therefore, the results clearly show 
how climate change would have a major impact on network performance with the 
existing cropping pattern, but that expected changes in cropping pattern would 
reduce this impact.  
CONCLUSIONS 
 
This paper considered how the performance of an on-demand irrigation system in 
southern Spain could be impacted by climate change and cropping pattern changes. 
The projected change in climatic conditions in the Cordoba region of Spain, will 
increase irrigation requirements in 2050 and 2080, leading to an increase in 
maximum flow requirements in the pumping station and in the outlet. That means 
that many networks will be overloaded and improvements in the infrastructures will 
be required to cope with this higher demand. This general conclusion is valid for 
various climatic scenarios and projected copping patterns.  
 
In the case of Fuente Palmera irrigation district, the system would still work properly 
in these conditions because it was designed for sprinkler irrigation so the pumping 
capacity is very high. However there would be an increase in both water 
consumption and power/energy requirements. The major changes in crop water 
requirements and irrigation requirements do not have much effect on the network 
performance in terms of pressure at least in the 2050s though the influence is slightly 
higher by the 2080s. The pumping capacity required is more difficult to satisfy in 
both situations. 
 
Changes in crop pattern were proved to have a high influence on network 
performance, even more than climate change. Therefore, the increased demand on 
the network due to climate change can be reduced by using an appropriate crop 
pattern, adjusting crop water requirement during the year and avoiding the 
concentration of the water demand in a peak period. Appropriate selection of crops 
and adaptation of varieties to new climate conditions could be the key factors to 
prevent network capacity overload. 
 
The analysis shows little difference between the scenarios either in terms of water 
requirements or network performance. This means that however policies and socio-
economic patterns evolve in future, their impact on the performance of the network 
will be low, compared to the global impact of climate and cropping pattern change.  
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Table 2. Crop Water Requirements, Irrigation Requirements and Flow Water Supply under Climate Change and Cropping 
Pattern Change scenarios 
 
No Climate Change 2050 2080 
Baseline A2+PE B2+LS No CPC A2+PE B2+LS No CPC A2+PE B2+LS
Crop Water Requirments (mm) 686 783 803 780 888 913 853 970 1006
Irrigation Requirements.(mm) 472 473 504 599 612 642 696 745 751
Flow Water Supply (l/s/ha) 0.58 0.46 0.52 0.77 0.6 0.64 0.84 0.67 0.72
 
 
Table 3. Average values of the indicators and variables calculated for a peak demand reference day 
 
  No Climate Change 2050 2080 
  Baseline A2+PE B2+LS No CPC A2+PE  B2+LS No CPC A2+PE B2+LS
 Max 89.2 90.1 91.0 81.9 89.0 88.6 82.7 87.5 86.8
Pressure Min 12.2 15.0 13.5 9.9 12.1 11.7 7.4 10.9 10.5
 Av 45.4 47.7 46.9 41.0 45.3 44.9 40.0 44.0 43.5
Equity  0.37 0.40 0.39 0.33 0.37 0.36 0.30 0.35 0.34
 Max 2.97 3.00 3.03 2.73 2.97 2.95 2.76 2.92 2.89
Ps/a Min 0.41 0.50 0.45 0.33 0.40 0.39 0.25 0.36 0.35
 Av 1.51 1.59 1.56 1.37 1.51 1.50 1.33 1.47 1.45
Outlets with Ps/a < 1 13 9 11 25 13 13 27 17 20
Max pumped flow (m3/s) 3.01 2.34 2.56 4.05 3.05 3.16 4.42 3.42 3.56
Energy consumption (kW) 1963 1587 1647 2509 1969 2036 2712 2240 2218
 
